stress, plants face the problem of K deficiency. Therefore, under salinity stress, improving the K-nutritional status of plants alleviates the detrimental effects of Na + by different mechanisms, including K + = Na + discrimination (Rodriguez-Navarro, 2000; Rubio et al., 2009) .
As higher levels of NaCl cause K-deficiency, this may be one of the factors of oxidative stress. Hence, under salt stress, improving the K-nutritional status of the plants could be used as a tool to minimize oxidative cell damage, at least by the reduced formation of reactive oxygen species during photosynthesis and by the inhibition of NADPH oxidase generating O 2
•- (Shen et al., 2000; Shin and Schachtman, 2004) . Previous reports suggest that under salinity stress, maintaining a sufficient supply of potassium to the plant alleviates the negative effects of salinity in different crops like strawberry Khayyat et al., 2009 ); bell pepper ; maize, wheat, soybean, and cotton (Pettigrew, 2008) ; and pepper (Rubio et al., 2009) . Donald et al. (1998) reported that under water deficit, supplementary potassium via foliar feeding maximized the yield of cotton. Kaya et al. (2001 reported that foliar application of K fertilizer could be effective in correcting salinity-induced K-deficiency, significantly decreasing salinity-induced damage to membranes and increasing biomass production in tomato and strawberry.
Tomato production in the field is mainly concentrated in the warm and dry areas of the world where irrigation is a necessary practice. Natural and anthropogenic processes in these areas often create soil salinization (Iqbal et al., 2007) , which is a major constraint to tomato production (Yurtseven et al., 2005) . Salt-affected soils can be utilized for crop production by the leaching of salts below the root zone so that they may not hamper crop production, by the selection and introduction of salt-tolerant cultivars and species, and by the use of soil amendments to alleviate the detrimental effects of salt stress (Yurtseven et al., 2005; Lu et al., 2010) . Under current circumstances, it is not feasible to leach salts because of the limited supply of fresh water, so developing techniques to enhance salt tolerance in plants is inevitable, and the application of potassium is a feasible choice not only to enhance salt tolerance but also to improve tomato fruit quality.
In our experiment, we used 4 tomato genotypes differing in salt tolerance (identified in previous experiments) with the objective to study the effect of the application of potassium (soil and foliar) on enhancing salt tolerance and improving tomato fruit yield and quality. The differential response of salt-tolerant (Indent-1 and Nagina) and saltsensitive (Peto-86 and Red Ball) genotypes to potassium under salt stress was evaluated.
Materials and methods

Experimental setup
A pot experiment was conducted in the glass house of the Institute of Soil and Environmental Sciences, University of Agriculture, Faisalabad, Pakistan, between 5 October 2011 and 21 February 2012. Two sets of tomato (Solanum lycopersicum L.) varieties (salt-tolerant and salt-sensitive), namely Indent-1 and Nagina (salt-tolerant) and Peto-86 and Red Ball (salt-sensitive), were used in this experiment. These varieties were screened for salt tolerance in our previous experiments based on different growth, physiological, gas exchange, and ionic characteristics (Amjad et al., 2013) .
The experiment was conducted according to completely randomized design with 3 replicates, using factorial arrangement. Seeds of these 4 genotypes were surface-sterilized with 1% sodium hypochlorite solution and germinated in polythene-lined iron trays filled with quartz sand. Plants at the 5-leaf stage were transferred to ceramic pots having 12 kg of soil. Sandy loam soil was collected from the upper surface of soil (15 cm deep), air-dried, ground, sieved through a 2-mm mesh screen, and analyzed for different physiochemical characteristics (Table 1) . Different levels of salinity (0, 7.5, and 15 dS m -1 ) and K (0, 3.3, and 6.6 mmol/kg) were added by mixing calculated amounts of NaCl and KNO 3 in a mechanical mixer along with 2 levels of foliar potassium (4.5 and 9 mM) at 25-day intervals. Soil bulk density was taken into consideration while making the fertilizer calculations for the whole of the pot depth (30 cm). The 0 mmol/kg K and 0 dS m -1 salinity treatments showed that there were basic contents of potassium and NaCl, and no additional potassium or NaCl was applied. For potassium levels, KNO 3 was used because other forms like KCl could change the salinity levels with their anions. Recommended doses of N and P fertilizer at the rates of 210 and 125 kg ha -1 respectively were applied, and the amount of N added in the form of KNO 3 was taken into consideration while making final calculations. No additional Ca, Mg, S, or B fertilizers were applied, as the basic soil contents of these nutrients in the soil were enough to support tomato plant growth (Table 1) . Plants were irrigated with tap water; plant water requirements were determined by visually observing the soil moisture status, and the amount of water required to irrigate 12 kg of soil was determined before the experiment. Characteristics of the water used are given in Table 1 . 2.2. Plant biomass, fruit yield, and quality Plants were harvested once when ≥90% of the fruits had turned red (150 days). Plant height was measured, and the maximum number of bunches each plant had were counted; for determining plant dry mass, samples were placed in an oven at 65 ± 5 °C. Fruit yield and quality parameters like fruit number per plant, fruit weight per plant, average fruit weight, fruit diameter, fruit height, and dry matter percentage were recorded.
Fruit juice characteristics
Ten fruits per plant were used for the measurement of fruit juice characteristics like pH, total soluble solids (TSS; Brix), and titratable acidity (TA). Brix was measured with a digital hand-held "Pocket" refractometer (PAL-Alpha; Cat. No. 3840). TA of fruit juice was measured by titration method according to the American Association of Analytical Chemists (2000) using 0.1 M NaOH. To 9 mL of filtered fruit juice, 1 mL of distilled water was added; it was titrated against 0.1 M NaOH using phenolphthalein as the indicator.
Leaf sap ionic analysis
For leaf ionic analysis (Na + and K + ), fresh leaves were frozen and thawed. Thawed leaves were crushed with a stainless steel rod in microcentrifuge tubes and leaf sap was collected. The leaf sap was then centrifuged at 6500 rpm for 10 min; supernatant was collected and used for Na + and K + determination (Gorham, 1984) . The concentration of Na + and K + was determined with a flame photometer (Sherwood Flame Photometer, Model-410; Sherwood Scientific Ltd., Cambridge, UK) using the standard curve made by different concentration readings of NaCl and KCl.
Leaf macronutrient determination
For total nitrogen determination, plant material was digested in a sulfuric-salicylic acid mixture and subsequently distilled on a Kjeldahl N-apparatus, and total N was calculated (Buresh et al., 1982) . Total phosphorus was determined using the spectrophotometric method by recording the absorbance (Jones et al., 1991) ; Ca and Mg were determined by atomic absorption spectroscopy (Chapman and Pratt, 1961) 2.6. Statistical analysis Data were analyzed for analysis of variance with Statistix 8.0 software and presented as mean of 3 replicates ± SE, and significance was checked at P ≤ 0.05.
Results
Plants were harvested when ≥90% of the fruits had turned red, and different plant growth, fruit yield, and quality characteristics were measured. For convenience and better understanding of the effects of salinity and potassium on tomato, genotypes were divided into 2 groups: the salttolerant (Indent-1, Nagina) and the salt-sensitive (Peto-86, Red Ball). Results showed that behavior of genotypes was similar within the same salinity tolerance group, i.e. genotypes Indent-1 and Nagina in the salt-tolerant group followed the same trend and showed nonsignificant differences between them in all parameters; the case was similar with Peto-86 and Red Ball in the salt-sensitive group. For simplicity, the results presented are of 2 genotypes instead of 4, representing each group, i.e. 1 from the salt-tolerant group (Indent-1) and 1 from the saltsensitive group (Red Ball). Table 2 represents the analysis of various results of different parameters in response to treatments.
Plant growth characteristics
At harvest, plant height was recorded in response to different treatments of salinity (0, 7.5, and 15 dS m -1 ) and potassium both in the form of soil (0, 3.3, and 6.6 mmol/kg) and foliar (4.5 and 9 mM) applications in salttolerant and salt-sensitive groups (Figure 1 ). Increasing salinity levels significantly (P ≤ 0.05) reduced plant height in both groups; however, a significant difference in plant height between salt-tolerant and salt-sensitive groups was recorded both in the control (0 dS m -1 ) and salt-stressed (7.5 and 15 dS m -1 ) plants. The decrease in plant height was significantly higher in the salt-sensitive group as compared to the salt-tolerant group. Application of potassium in both the soil and foliar forms alleviated the negative effects of salinity and resulted in a significant increase in plant height of both salt-tolerant and salt-sensitive groups as compared to respective controls. The effect of potassium was much more pronounced in the salt-stressed than in the nonstressed plants, but the effect of soil and foliar application of potassium was not significant.
A significant difference in plant dry weight was observed in all 4 tomato genotypes (Figure 1 ). Although at higher levels of salt stress (7.5 and 15 dS m -1 ) plant dry weight significantly decreased in both salt-tolerant (Indent-1 and Nagina) and salt-sensitive (Peto-86 and Red Ball) groups, it was significantly higher (P ≤ 0.05) in the salt-tolerant group than the salt-sensitive group at all salinity levels. Potassium application (soil and foliar) positively affected the plant dry weight, and it was significantly increased in response to both levels of potassium application at 15 dS m -1 as compared to the control; however, at 7.5 dS m -1
, it was only significant at higher potassium concentrations (6.6 mmol/kg and 9 mM). There was no significant difference between soil and ).
foliar applications of potassium or between the levels of potassium. Plant growth was linearly correlated to plant leaf ionic concentrations ( Figure 2) ; tomato plant growth was negatively affected by leaf Na + concentration, as evident from the correlation coefficients between leaf Na + and plant height (r 2 = 0.6240) and dry weight (r 2 = 0.7394), while it was positively related to leaf K + concentration with correlation coefficients between leaf K + and plant height (r 2 = 0.9138) and plant dry weight (r 2 = 0.9092).
Plant leaf ionic content
With increasing salinity from 0 to 7.5 and 15 dS m -1 , leaf Na + concentration significantly increased, whereas K + concentration significantly decreased in both the salt-tolerant (Indent-1 and Nagina) and salt-sensitive (Peto-86 and Red Ball) groups (Figure 3) . However, the salt-tolerant group had significantly lower values of Na + and higher values of K + concentration than the saltsensitive group. Potassium application acted conversely, and significantly increased the leaf K + and decreased the leaf Na + concentration, with more pronounced effects in the salt-tolerant group as compared to the salt-sensitive group. With these antagonistic effects between salinity and potassium application, the ratio between leaf K + and Na + (K + /Na + ) decreased with increasing salinity (7.5 and 15 dS m -1 ), and it increased with increasing potassium application (both soil and foliar) in both the salt-tolerant and salt-sensitive groups, with significantly higher values in the salt-tolerant group (Figure 3) .
Plant leaf macronutrient status
Foliar and soil application effects on plant macronutrient status (N, P, Ca, Mg) are presented in Figure 4 . Generally, increasing salinity in the soil from 0 dS m -1 to 15 dS m -1 significantly decreased the plant macronutrient concentrations in both the salt-tolerant and salt-sensitive groups, with a significantly greater decrease in the saltsensitive group compared to the salt-tolerant group. Potassium application to both soil and leaves significantly increased the leaf macronutrient concentrations, with significantly higher concentrations in the salt-tolerant group.
Fruit yield parameters
Fruit yield parameters, measured in terms of fruit weight per plant, are presented in Figure 5 . Plants had a maximum number of 5 bunches of fruits and a maximum of 7 fruits per bunch. Generally, with increasing salinity ), fruit weight per plant, average fruit weight (data not shown), and fruit number per plant decreased significantly (P ≤ 0.05) in both the salttolerant (Indent-1 and Nagina) and salt-sensitive (Peto-86 and Red Ball) groups. However, the salt-tolerant group maintained significantly higher values for these fruit yield characteristics than the salt-sensitive group in both the salt-stressed and nonstressed plants. Application of potassium had a significant positive effect on the fruit yield of tomato plants in both control and salt-stressed plants. The effect of potassium was much more pronounced in the salt-tolerant group than in the salt-sensitive group. The effect of form of application of potassium (soil and foliar) also differed significantly for all salt treatments in all genotypes. 3.5. Fruit quality characteristics 3.5.1. Fruit size At harvest, fruit size was measured in terms of average fruit diameter and height in response to different levels of salinity and potassium in both the salt-tolerant and saltsensitive groups (data not shown). A significant decrease (P ≤ 0.05) in fruit diameter and height was observed with increasing soil salinity (7.5 and 15 dS m -1 ) in both the salttolerant (Indent-1 and Nagina) and salt-sensitive (Peto-86 and Red Ball) groups. However, higher levels of potassium application, both soil (3.3 and 6.6 mmol/kg) and foliar (4.5 and 9 mM), significantly decreased the negative effects of salinity and induced a significant increase in fruit diameter and height. In addition, significant differences were observed in the forms of application of potassium (soil and foliar) in all genotypes and in all salt treatments. Among the genotypes, the salt-tolerant group performed better and had greater fruit diameter and height both in the control and salt-treated plants as compared to the saltsensitive group. A highly significant negative correlation coefficient was found between leaf Na + and fruit weight per plant (r 2 = 0.8670) and diameter (r 2 = 0.6858), whereas a positive correlation was found between K + and fruit weight per plant (r 2 = 0.8646) and diameter (r 2 = 0.8856).
TSS (Brix) and fruit dry matter (%)
TSS and fruit dry matter as a measure of tomato fruit quality increased significantly from the control (0 dS m -1 ) to salt stress (7.5 and 15 dS m -1 ) in both the salt-tolerant (Indent-1 and Nagina) and salt-sensitive (Peto-86 and Red Ball) groups ( Figure 5 ). Plants in the control treatment (0 mM K) showed significantly lower values of these fruit quality characteristics than the K-treated plants at all 3 saline levels (0, 7.5, and 15 dS m -1 ). Application of potassium both in soil (3.3 and 6.6 mmol/kg) and foliar (4.5 and 9 mM) form had significant differences within different concentrations; it significantly increased the TSS and fruit dry matter in all genotypes compared to the control (0 mM K). Among the genotypes, the salt-tolerant group had a higher percentage of TSS and fruit dry matter in all the saline treatments than the salt-sensitive group; furthermore, the response of the salt-tolerant group to ) and potassium in both soil (3.3 and 6.6 mmol/ kg) and foliar (4.5 and 9 mM) forms caused a significant (P ≤ 0.05) increase in the titratable acidity of the tomato fruit juice as compared to respective controls in all genotypes. However, the salt-tolerant group (Indent-1 and Nagina) showed significantly higher values of titratable acidity than the salt-sensitive group (Peto-86 and Red Ball). There were nonsignificant differences between different potassium concentrations within the same salinity treatment in all the genotypes.
In the case of pH of the fruit juice, soil salinity (7.5 and 15 dS m ). While potassium application had no effect on the pH of fruit juice within all the saline levels, it significantly decreased the pH at higher salinity levels (7.5 and 15 dS m ).
(Indent-1 and Nagina) had significantly lower values of fruit juice pH than the salt-sensitive (Peto-86 and Red Ball) group at all the saline and potassium levels; however, the values were nonsignificant within the salt-tolerant and salt-sensitive groups.
Discussion
Salt stress severely limits yield from tomato plants. In the current study, salt stress (7.5 and 15 dS m -1
) significantly decreased the growth of the tomato plants measured in terms of plant height and dry weight. This could be the result of drought due to excess amounts of salt in the root zone, which leads to reduced photosynthetic capacity, or toxicity of salt in plant tissues (Sairam et al., 2002; Natr and Lawlor, 2005; Neocleous and Vasilakakis, 2007) . The increase in growth parameters with the application of potassium could be the result of antagonism between K + and Na + ions in the root zone (Chen et al., 2007) . Potassium acted as an ameliorative agent and decreased the negative effects of NaCl in the growth medium, and resulted in the better growth of plants, as evident from the significant negative correlation between the growth parameters of plant height and plant dry weight (r 2 = 0.624, 0.7394) and leaf sap Na + , and the significant positive correlation (r 2 = 0.9138, 0.9092) with leaf sap K + , respectively. These results are consistent with previous findings in tomato (Kaya et al., 2001; Azarmi et al., 2010) , as well as in rice (Ikeda et al., 2004) , and cucumber and pepper .
In this experiment, results showed that with increasing salinity, the yield of tomato declined in both the salttolerant and salt-sensitive groups. This reduction in yield was caused by reduced mean fruit weight as salinity caused reduced water availability and biochemical and physiological disturbances in the rooting medium (Cuartero et al., 2006; Azarmi et al., 2010) . Application of potassium increased the yield under salt stress as it reduced the negative effects of salinity ( Figure 6 ). Soil salinity and the application of potassium increased the size ( Figure  6 ) and the quality of tomato fruits as measured by TSS, TA, pH, and dry matter in all genotypes, consistent with the findings of Azarmi et al. (2010) and Yurtseven et al. (2005) . All fruit quality characteristics like TSS, dry matter percent, TA, and pH of fruit juice were positively affected by salinity and potassium except for the fruit size (height and diameter), which decreased with increasing salinity and increased with increasing potassium concentration. Reduction in fruit size can be attributed to decreased water uptake by roots and transport to fruit due to excess amounts of salts in the rooting medium (Leonardi et al., 2004; Neocleous and Vasilakakis, 2007) . The improvement in fruit quality characteristics (TSS, dry matter percent, TA, and pH) in response to salinity stress has been reported as being due to decreased fruit water content and increased concentrations of reducing sugars and acids as compared to nonsaline conditions (Leonardi et al., 2004) . The accumulation of reducing sugars and organic acids is responsible for increased TA and decreased pH of the fruit juice. Moreover, the nonsignificant difference in fruit weight between foliar and soil application treatments might be due to high basic soil potassium contents (2.5 mmol/kg), which resulted in an increase in fruit weight when coupled with foliar application of potassium. Increasing salinity levels caused an increase in Na + concentration in leaf tissues and a decrease in the K + concentration. As a result, growth and yield of tomato plants in both salt-tolerant and salt-sensitive groups decreased due to a higher concentration of salts in the rooting medium and its accumulation in the tissues. Higher concentrations of salts in the apoplast of cells negatively affected survival, growth, development of cells, and, ultimately, the whole plant, primarily by ionic toxicity and hyperosmolarity. Saline soils are dominated by Na + and Cl -; both of these ions have an inhibitory effect on the processes going on in the cytosol and other organelles of cells (Niu et al., 1995; Serrano et al., 1999; Hasegawa et al., 2000; Kato et al., 2001; Zhu, 2002) . Wyn Jones and Pollard (1983) reported that a salt concentration of >0.4 M causes the inhibition of enzymes by disturbing the hydrophobic-electrostatic balance necessary to maintain the protein structure. Secondarily, salinity also affects the growth of plants by disturbing the K-nutrition, thus impairing photosynthesis, membrane function, and generation of reactive oxygen species (Hasegawa et al., 2000; Rodriguez-Navarro, 2000; Zhu, 2003; Shabala et al., 2012) . As was the case in this experiment, salinity caused a significant decrease in plant growth and yield by an excess of Na + , but application of potassium both in soil and foliar form alleviated these toxic effects of salinity and induced a significant increase in the growth, yield, and fruit quality of tomato.
In conclusion, the results obtained in this experiment showed that different levels of soil salinity caused a significant decrease in tomato growth and yield in all 4 genotypes, whereas fruit quality was improved under increasing soil salinity. Salt-tolerant genotypes (Indent-1 and Nagina) maintained higher growth, yield, and fruit quality compared to salt-sensitive genotypes (Peto-86 and Red Ball). Potassium application positively affected growth, yield, and fruit quality of tomato under salinity stress. Thus, the use of salt-tolerant genotypes, and an increased application of potassium, could be used as an effective approach to economically utilize salt-affected soils for tomato production.
